Molecular dynamics simulation has been performed to simulate the interaction between PESA and the (001) 
I. INTRODUCTION
In the industrial cooling water process, adding scale inhibitors is a convenient, economic and effective method to prevent scale production. Polyepoxysuccinic acid (PESA) is a kind of nonnitrogenous, nonphosphorus and biodegradable organic compounds used as inhibitors [1−5] . As an environmentally friendly water treatment agent, it has the merits of high efficiency and good inhibition effects for the circulating cooling water systems with high basicity and high-solid contents which has become a hot problem.
At present, experimental studies mainly focus on the scale inhibition performance of PESA and its mixtures to the scales such as calcium carbonate, calcium phosphate, and calcium sulfate [6−12] , further researches on the interaction mechanisms between scale inhibitors and inorganic scales are required because the interaction is a complicated physical and chemical process involving diffusion, adsorption, desorption, crystal growth, and coordination etc. [13−17] . Compared with plentiful experimental researches, theoretical researches at molecular level are limited. With the development of computer technology, more and more people are able to use molecular dynamics simulation [18−22] to study the essence of the interaction between scale inhibitors and inorganic scales [16, 23−30] . However, the effect of solvents on scale inhibition performance and mechanism has not been considered. Since scale inhibitors are generally used in solution, the influences of solvents cannot be neglected; otherwise the obtained results will disagree with the actual results [31] .
In this work, under different temperature, molecular dynamics (MD) simulations of the interaction between the different configurations of PESA and CaSO 4 crystal were performed to interpret the scale inhibition mechanism of PESA using the COMPASS force field and Discover module in Materials Studio 4.4 program [32] . In order to study the solvent effect, a different number of water molecules were involved in the model. 
II. MODEL CONSTRUCTION AND SIMULATION METHOD
Anhydrite is the most popular structure of calcium sulphate crystals. It belongs to the AMMA space group [16] , the lattice parameters are a=6.991Å, b=6.996Å, c=6.238Å, α=β=γ=90Å. Each primary crystal cell contains six molecules. According to the preceding work [33] , the surface cell was created from the main growth face of anhydrite crystal, namely (001) face. The interactions between PESA and the (001) face of anhydrite crystal were investigated using the layered mode under different temperatures. The simulated supercell of anhydrite crystal was 27.964Å×27.984Å×9.1699Å in size, and the total number of atoms are 576 (O=384, S=96, Ca=96).
The 3-dimension model of PESA molecule with a formula of C 80 H 82 O 100 was built and optimized to most stable configurations using molecular mechanics (MM) method and COMPASS force field [34−36] .
In order to investigate the effect of water on the interactions between PESA and anhydrite crystal, the amorphous cells composed of the optimized PESA and various number of H 2 O molecules (0, 100, 200, 300, and 400) were placed on the anhydrite (001) face to construct the layer models. Taking the PESA-200H 2 O-anhydrite system as an example, the layer model was shown in Fig.1 . To eliminate the effect of periodic boundary condition on the system, the vacuum thickness was set to 50Å. Then, the MM method was used to optimize the system to produce the initial configuration of MD simulation and the MD simulation was carried out with the discover module. Because the crystal grows along with rigid sequence and orientation, in this study, the atoms in the (001) face of anhydrite crystal were freezed during simulations as what was done before, while all molecules were unconstrained. Considering the practical operation conditions of circulating cooling water, the temperature range of 323−343 K was selected and MD simulation was carried out in the NVT ensemble [37−39] . The coupling to the heating bath to control temperature was carried out using the Berendsen method with a relaxation time of 0.1 ps [40] . Simulation was started by taking initial velocities from a Maxwell distribution. Solution of Newton's laws of Motion was based on the assumptions of periodic boundary condition and time average equal to the ensemble average. Integral summation was performed with the Verlet velocity integrator. Non-bond (van der Waals (vdW) and electrostatic) interactions for each system were computed with the atom-based summation method, with a cutoff radius of 0.95 nm. The time step was 1 fs, MD simulation ran for 3 ns. The trajectory was recorded every 1 ps.
III. RESULTS AND DISCUSSION

A. Equilibrium criteria
Whether the model system has reached equilibrium or not was ascertained by the equilibrium critera of temperature and energy simultaneously [31, 40] , i.e., the fluctuations of temperature and energy should be confined to 5%−10%. Taking PESA-200H 2 O-anhydrite (343 K) as an example, according to the temperature and energy curves from MD simulations (Fig.2) , the temperature fluctuates in the range of 343±20 K and the fluctuation of energy is less than 0.5%, indicating that the system has reached an equilibrium.
B. Binding energy
The anhydrite-inhibitor interaction energy (∆E) is computed using the following equation [41−43] : where E complex is the total energy of the binded anhydrite-inhibitor system from MD simulations, E SI and E surface are the single point energies of the free scale inhibitor and the anhydrite surface, respectively. Obviously, a smaller ∆E indicates a stronger interaction between the surface and the scale inhibitor. Binding energy was defined as E bind =−∆E. A larger E bind implies the scale inhibitor combines with the anhydrite surface more easily and tightly, as a result, the scale inhibition performance is higher. Seen from Fig.3 , PESA has clung to the (001) face of anhydrite and the O atoms of PESA and 200H 2 O molecules are downward. Meanwhile, some water molecules have escaped from the simulation box, indicating there exist stronger attraction interactions between the inhibitors and the (001) face of anhydrite crystal. The interaction energies of all PESA-anhydrite systems at different temperature are shown in Table I and Fig.4 .
All binding energies in Table I and Fig.4 are positive and ∆E are negative, showing that the combination processes of PESA scale inhibitors with anhydrite crystal are largely exothermic. This is mainly because of huge E surface resulting from the interaction between all the atoms of the (001) face of anhydrite, and the many strong π-π interactions between the π 4 3 delocalized bonds of −COOH groups in PESA and the π 6 4 delocalized bonds in the surface of anhydrite crystal [28, 44] .
Comparing the E bind of systems with different number of H 2 O molecules at the same temperature, we find that the E bind of the system without H 2 O are significantly larger than those of the others. This indicates that water molecules make the combination of PESA and anhydrite more difficult because the existence of the water molecules makes the contact probability of scale inhibitor and anhydrite smaller.
At each temperature, Fig.4 ). E bind maintains a relatively stable value when the number of H 2 O is 200−400, but when that of H 2 O is 500, the E bind decreases to approximately 0, i.e., a threshold phenomenon of the scale inhibition performance of PESA to calcium sulfate can be observed with the decreasing concentration of PESA. The relatively higher E bind in solution appears when the number of H 2 O is between 200 and 400. This is because a higher Ca 2+ concentration (i.e., the greater solubility of CaSO 4 ) in such solution may be observed due to the formation of soluble chelate compounds between PESA and Ca 2+ . This is in accordance with the reported results in Refs. [10, 45, 47] . Also seen from Fig.4 , all E bind s are very close at 323−343 K except for the systems with 100H 2 O. This indicates the inhibition perfermance of the scale inhibitors is not greatly affected by temperature. energy (∆E deform ) [16, 26, 27] :
where E PESA-bind and E PESA are single point energies of PESA in adsorbed and free states, respectively. Taking PESA-200H 2 O-anhydrite at 343 K (Fig.3) as an example, the obtained ∆E deform of PESA is 11230.45 kJ/mol, indicating that PESA has deformed obviously. The deformation of PESA on the (001) face of anhydrite crystal under other temperatures with various number of water molecule is similar, and the results are listed in Table II. From Table II , at the same temperature, the ∆E deform of PESA in the system without water is obviously less than those of the systems with 200−400 H 2 O molecules, which does not agree with the change of E bind from Table I . But for the systems with a various number of water molecules, the changes of ∆E deform and E bind are largely accordant. This indicates it is necessary to involve H 2 O molecules into the simulation models. The distortion of anhydrite crystal occurs when it adsorbs PESA. This will lead to the fracture of anhydrite crystal surfaces and hinder the growth of anhydrite crystal, as observed in experiments [29, 47] . We can also see from Tables I and II, the defomation energies are much smaller than the non-bond energies and the binding energies in magnitudes. That is why PESA can overcome the intense deformation and closely combine with the surface of anhydrite crystal.
From Table II , it can also be seen that ∆E Coulomb of the interaction systems are positive except for 100H 2 O, and ∆E disper-vdw are negative. This indicates the Coulomb and dispersive vdW interactions are helpful for the combination of scale inhibitors with anhydrite crystal. On the other hand, the total vdW interactions are positive due to ∆E repul-vdw being larger than the absolute value of ∆E disper-vdw . ∆E Coulomb is significantly greater than ∆E vdw , which means the contribution from Coulomb interaction is significantly greater than that from vdW interaction. Natural bond orbital charges (Table III) of PESA monomer (Fig.5) calculated by B3LYP/6-31G * method using Gaussian 03 program [48] show that negative charges on the O5 and O6 atoms of the carboxyl groups are much more than that on other positions. Therefore, strong adsorption can be raised by the Coulomb interaction between the negatively charged groups of the scale inhibitor PESA and the positively charged calcium ion of anhydrite crystal [26, 27, 29, 47] . Thereby, PESA can occupy the growing point of anhydrite crystal and hinder the further sediment of the scale ions. Fig.6 . Generally, the peak in the g(r)-r curve within 3.5Å is caused by the hydrogen bonds and chemical bonds, and that outside 3.5Å is from the non-bond (Coulomb and vdW) interactions [26, 27, 31] .
It can be seen from Fig.6 (a) that the peak of g(r) Ca−O -r curve appears around 2.35Å for the system without water, which is slightly shorter than the bond length of Ca−O (2.39Å), indicating the Ca−O bonds formed between the calcium atoms of anhydrite scale crystal and the oxygen atoms of carbonyls groups of PESA (see Fig.7 ). In addition, there is also a second weaker peak presented in the range of 5−6Å, which can be explained as the weak interactions from farther departured O and Ca. From Fig.6(a) , we can also find that there are no significant strong peaks when various number of water molecules are involved into the system, and the peak of the system with 100H 2 O is the lowest, which means the binding energy between PESA and the (001) face of anhydrite crystal of the system without water is the largest and that of the system with 100 water molecules is the smallest as was seen in Fig.5 . This indicates the existence of water weakens the interaction between PESA and anhydrite crystal.
From Fig.6(b) , one sees that the strong peak of g(r) O−H -r of O(carbonyl of PESA)−H(H 2 O) appears around 2.3Å, which is close to the length of hydrogen bonds [48, 49] . The high probability of O(carbonyl of PESA)−H(H 2 O) distance around 2.3Å reflects the formation of hydrogen bonds between the O atoms of the carbonyl of PESA and the H atoms of H 2 O.
From Fig.6(b) , we can also find that there are no strong peaks on the g(r) O [16, 26, 27, 29] .
IV. CONCLUSION
The interaction between polyepoxysuccinic acid (PESA) and anhydrite crystal was simulated with the molecular dynamics. At different temperature in water solution, PESA can effectively prevent the growth of CaSO 4 scale. At all temperatures, the order of binding energy is E bind (0H 2 O)>E bind (300H 2 O)≈ E bind (200H 2 O)≈E bind (400H 2 O)>E bind (100H 2 O), and the E bind are very close for one system at different temperature except for 100H 2 O. The molecular dynamics results show that PESA deforms obviously when it combines with the anhydrite crystal, while the deformation energies are much smaller than the non-bonding energies. The bonds can be formed between the calcium atoms of the (001) face of anhydrite crystal and the oxygen atoms of carbonyl group of PESA. Hydrogen bonds are formed between the O atoms of the carbonyl group of PESA and the H atoms of H 2 O. The non-bond interactions are conducive to the stability of the interaction system of PESA, H 2 O, and CaSO 4 crystal. The existence of water molecules weakens the interaction between PESA and anhydrite crystal. The main contribution to the binding energies comes from the Coulomb interaction.
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